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potentially	 different	 patterns	of	 biodiversity	 than	 islands	 formed	de	
novo	from	volcanic	activity;	the	relative	ages	of	islands	within	an	ar-
chipelago	will	 also	 influence	 diversity	 patterns,	 as	 demonstrated	 by	







forming	 on	 an	 island	 as	 they	 segregate	 into	 separate	microhabitats,	





&	 Rodriguez-	Schettin,	 1998).	 If	 islands	 are	 sufficiently	 large,	 then	
speciation	within	 the	 island	 (through	 both	 niche	 differentiation	 and	






(Donnelly,	 1990);	 to	 date	 21	 species	 are	 described,	 with	 15	 more	
awaiting	 description	 (Donnelly,	 1990;	 N.	 Donnelly	 pers.	 com.	 and	
own	data).	Melanesobasis	 includes	a	total	of	seven	described		species	
and	one	sub-species;	seven	of	these	are	found	exclusively	in	Fiji	(the	












and	 females	 (Beatty	et	al.,	2007;	Donnelly,	1990).	Beyond	 this	mor-
phological	diversity,	it	has	also	been	demonstrated	that	some	species	
within	Nesobasis	 have	highly	 female-	biased	 sex	 ratios	 at	oviposition	
sites,	with	adult	males	being	rare	in	many	populations	(Donnelly,	1994;	
Van	Gossum	et	al.,	2007).
The	 geologic	 history	 of	 the	 Fiji	 islands	 is	 complex;	 the	 primary	
rocks	 of	 the	 islands	 are	 composed	 of	 intruded	 and	 extruded	 volca-
nics,	uplifted	marine	sediments,	and	limestones	(Rodda,	1994;	Rodda	
&	Kroenke,	1984).	Data	suggest	 that	 the	 first	 land	 formations	 in	Fiji	
were	 island	 arc	volcanics	 formed	between	25	 and	30	Ma;	 these	 are	
now	found	in	the	western	part	of	Viti	Levu,	the	largest	of	the	Fiji	 is-















Nesobasis	 species	are	distributed	over	 several	 islands	within	Fiji;	
there	are	two	major	assemblages	of	species,	coinciding	with	the	pres-
ence	of	two	large	islands	in	the	archipelago:	One	assemblage	is	found	
on	 Viti	 Levu	 and	 its	 surrounding	 islands	 (Ovalau	 and	 Kadavu),	 the	
other	on	Vanua	Levu	and	 its	 surrounding	 islands	 (Taveuni	and	Koro)	
(Beatty	 et	al.,	 2007;	Donnelly,	 1990;	Van	Gossum	et	al.,	 2008)	with	
almost	no	overlap	in	spatial	distribution	between	the	two	assemblages	
(Figure	1b).	Knowing	the	distribution	of	Nesobasis	and	Melanesobasis 
within	 the	Fiji	 Islands,	and	the	developmental	history	of	 the	 islands,	
we	make	the	following	predictions	about	how	speciation	took	place	
within	and	among	these	assemblages:	(1)	the	Nesobasis	found	in	Viti	
Levu	will	 form	 three	 clades,	 that	 correspond	 to	 the	 three	morpho-
groups	(named	comosa, erythrops, and longistyla	after	representative	
species)	identified	by	Donnelly	(1990)	based	on	the	diversification	of	
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based	on	molecular	data	obtained	 from	both	mitochondrial	 and	nu-
clear	 sequences.	 We	 then	 estimate	 the	 diversification	 rate	 within	
these	groups	through	a	beast	relaxed	molecular	clock	and	make	predic-
tions	about	dispersal-	mediated	speciation	(i.e.,	peripatric	speciation),	








six	 of	 eight	 described	 species/subspecies	 and	 two	 undescribed	 spe-
cies	were	also	obtained	for	analysis	(the	two	outstanding	species	from	
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Melanesobasis,	M. prolixa,	and	M. bicellulare	are	found	on	islands	quite	dis-
tant	from	our	study	islands)	(see	Table	S2.1	in	Appendix	S2	for	specimen	
details).	Melanesobasis corniculata marginata	 is	currently	described	as	a	
subspecies	of	M. corniculata corniculata (Donnelly,	1984).		While	we	rec-
ognize	this	relationship,	for	the	sake	of	simplicity	we	will	refer	to	these	as	
M. corniculata and M. marginata throughout	the	text.	All	known	“female-	
biased”	species	were	included	in	the	analysis.	These	include	N. comosa,	
N. heteroneura,	N. malcolmi,	N. rufostigma,	and	N. sp. nov. 9	(Van	Gossum	
et	al.,	 2007).	 Population-	level	 sampling	 was	 limited	 to	 five	 species	
(N. anguilicollis,	 N. brachycerca, N. comosa, N. rufostigma,	 and	 N. selysi),	
of	which	two	species	have	specimens	from	multiple	islands	(N. brachy-
cerca	and	N. rufostigma)	(Table	S2.1).	Additional	members	of	the	family	







et	al.,	 2013).	 Adult	 damselflies	 were	 collected	 and	 preserved	 in	 95%	
ethanol,	 transferred	 into	 fresh	 absolute	 alcohol	 twice	 after	 collection	
to	remove	most	water	from	the	specimens’	tissues,	then	databased	and	
placed	in	a	−80°C	freezer	for	storage	until	needed.
2.2 | DNA extraction, amplification, 
sequencing, and alignment
Insect	DNA	was	extracted	using	Qiagen	QIAamp	DNA	mini	kits	 fol-
lowing	 manufacturer	 protocols.	 Specimens	 were	 sequenced	 for	
COI	 (~1,420	bp),	12S	 (~331	bp)	and	 ITS	 (~837	bp)	 (see	Table	S2.2	 in	
Appendix	S2	for	primer	details).	All	PCR	reactions	were	performed	on	
an	 Eppendorf	 ep	 gradient	 S	Mastercycler	 (Eppendorf	AG,	Hamburg,	
Germany).	PCR	amplifications	were	performed	in	a	total	volume	of	50	μl,	
containing	0.625	mmol/L	MgCl2,	0.4	μmol/L	each	primer,	0.8	mmol/L	














Sequencing	 Kit	 (PE	 Applied	 Biosystems,	 Foster	 City,	 CA,	 USA)	 fol-
lowing	 manufacturer	 protocols.	 Sequencing	 reactions	were	 purified	





checked	 to	 ensure	 that	 there	were	 no	 stop	 codons	 or	 frame	 shifts.	
Alignment	was	 straightforward,	 and	 there	were	 no	 indels.	We	 em-
ployed	 ClustalX	 to	 generate	 separate	 alignments	 for	 12S	 and	 ITS,	





Phylogenetic	 relationships	 among	 the	 taxa	were	 reconstructed	 using	





TNT	 (Goloboff,	Farris,	&	Nixon,	2000)	 for	MP.	For	each	replicon,	 the	





The	 supports	 for	 the	branches	were	estimated	 from	a	 total	of	1,000	
bootstrap	 pseudoreplicates.	 The	 consensus	 trees	 were	 summarized	
using	suMtrees	 (Sukumaran	&	Holder,	2010).	For	our	BI,	we	used	the	





















HKY	+	G	+	I	 for	12S.	A	 random	starting	 tree	was	used	 in	 the	analy-
sis,	 and	biogeographical	 features	 such	 as	 island	 emergences	 (3)	 and	
fossils	(1)	were	used	as	calibration	points	(see	Table	S2.4	in	Appendix	
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S2).	Despite	the	fact	that	biogeographical	events	may	not	be	reliable	
calibration	 points	 (Parham	 et	al.,	 2012),	 our	 volcanic	 island	 system	




&	 Drummond,	 2007).	 Finally,	 all	 the	 runs	 were	 combined	 using	
loGCoMbiner	v	1.8	(Drummond	et	al.,	2012).	The	dated	ultrametric	tree	
was	 obtained	 using	 treeannotator	 v	 1.8	 (Huelsenbeck	 &	 Ronquist,	
2002)	and	visualized	using	FiGtree	v.	1.4	(Rambaut,	2010).	To	deter-
mine	rates	of	diversification	throughout	the	tree,	we	implemented	the	
Generalized	 Mixed	 Yule	 Coalescent	 (GMYC)	 likelihood	 method	 for	





differences	between	 inter-	 (i.e.,	diversification)	and	 intraspecific	 (i.e.,	









more	 of	 the	 following	 areas:	Viti	 Levu	 (A),	 Vanua	 Levu	 (B),	 Kadavu	
(C),	Taveuni	(D),	Ovalau	(E),	and	Koro	(F)	(outgroups	were	designated	
as	Mainland	 (G)).	We	used	 the	 following	 time	dispersal	 constraints:	
(0)	possible	 in	all	seven	areas,	 (1)	7	Ma	dispersal	between	Mainland,	
Viti	Levu,	and	Vanua	Levu,	(2)	12	Ma	dispersal	between	Mainland	and	
Viti	 Levu,	 and	 (3)	 39	Ma	only	Mainland.	 The	 taxa	 ranges	 are	 based	






The	 phylogenetic	 relationships	 recovered	 for	 the	 total	 evidence	
analyses	(Figure	2)	and	the	independent	replicons—COI,	12S,	and	ITS	
(Figs.	 S1.2	 and	S1.3	 in	Appendix	 S1)—are	highly	 congruent	 among	
the	three	criteria	(ML,	BI	and	MP).	Only	a	few	differences	in	the	sup-
port	values	throughout	the	analyses	were	observed.	The	monophyly	













cluding	M. marginata, M. corniculata, M. flavilabris	and	M. sp. nov.1	and	
the	second	hereafter	called	the	simmondsi clade,	which	encompasses	
M. simmondsi,	M. mcleani, M. maculosa, and	M.sp. nov.2,	 (Figure	2).	
Nesobasis	 is	 divided	 into	 three	 distinct	 clades;	 however,	 the	 posi-
tion	of	this	genus	within	the	family	Coenagrionidae	still	needs	to	be	
thoroughly	tested.	Nesobasis comosa, N. heteroneura, N. malcomi,	and	
N. sp.nov. 5—all	 from	Viti	 Levu—along	with, N. sp.nov. 6, N. sp .nov. 
7&8	 (putatively	a	 female	and	male	of	 the	 same	species),	N. sp.nov. 
9,	and	N. sp.nov. 10	 from	Vanua	Levu	comprise	a	highly	supported	
sister	clade	(hereafter	called	the	comosa clade)	to	all	other	Nesobasis 
(Figure	2).	The	remaining	species	were	grouped	into	two	supported	
sister	 clades	which	 encompass	 the	morphologically	 defined	 eryth-
rops	and	longistyla	groups	(Donnelly,	1990).	The	first	of	these	clades	
includes	the	erythrops	species	N. erythrops,	N. leveri,	N. selysi, N. tel-
egastrum, N. flavifrons	 (all	 from	 Viti	 Levu), N. recava	 (endemic	 to	
Kadavu), N. sp. nov. 12, N. brachycera	(one	each	from	Vanua	Levu	and	
Koro),	and N. sp.nov. 16	 (Taveuni)	 (see	clade	erythrops	A,	Figure	2).	
The	 other	 clade	 includes	 the	 erythrops	 species	 N. anguilicollis and 
N. rufostigma	(Viti	Levu), N. sp. nov. 3, N. sp. nov. 4,	N. sp. nov. 11 (all 
from Vanua Levu),	and	N. sp. nov. 13 & 14	(possibly	the	same	species,	
but	collected	on	Taveuni	and	Vanua	Levu,	 respectively);	 this	clade	
also	includes	a	 lineage	containing	the	 longistyla	species	N. logistyla, 
N. caerulecaudata, and N. campioni,	(See	clade	erythrops	B,	Figure	2).	
The longistyla	species	group	as	defined	by	Donnelly	(1990)	renders	
the	erythrops	group	paraphyletic	in	our	analyses.
Species	with	 “female-	biased”	 adult	 sex	 ratios	 appear	 at	 four	 in-









Melanesobasis corniculata	 seems	 to	 be	 the	 oldest	 extant	 species	 at	




~16	Ma,	 and	 the	 diversification	 of	 the	 genus	 possibly	 started	 ~12	
(CI	=	7–16)	 Ma	 during	 the	 middle	 Miocene.	 The	 clades	 containing	
the	longistyla	and	erythrops	groups	diverged	from	each	other	around	
8	Ma,	 almost	 parallel	 to	 the	 Melanesobasis	 diversification.	 Our	 to-




clade	also	 started	 its	diversification	parallel	 to	Melanesobasis	 during	
the	late	Miocene	~6	Ma.	The	oldest	species	within	this	clade	is	N. sp. 
nov. 5	and	the	youngest	are	N. comosa	and	N. heteroneura	~390,000–
141,000	years	ago.	Finally,	the	latter	results	suggest	a	peak	of	diver-






Our	 estimated	 DEC	 and	 S-	DEC	 models	 were	 consistent	 overall;	
however,	there	were	a	few	more	supported	dispersal	and	extinction	
events	 in	 the	 S-	DEC	model	 (see	 Table	 S2.5	 in	 Appendix	 S2).	 The	
DEC	model	estimated	50	dispersal,	10	vicariance,	and	1-	extinction	
events,	while	the	S-	DEC	model	estimated	52,	10,	and	2	events,	re-
spectively	 (Figure	5).	 Both	 analyses	 support	 a	 high	 dispersal	 from	
Viti	Levu	to	the	other	islands	(DEC	32	events	and	S-	DEC	31	events)	
and	 relatively	 high	 speciation	within	 Viti	 Levu	 as	well	 (26	 specia-
tion	 events	 for	 both	 models,	 Table	 S2.5	 Appendix	 S2).	 For	 both	
Melanesobasis	(Figure	5,	Node	93,	100%|DEC	&	97.52%|S-	DEC)	and	
Nesobasis	 (Node	 84,	 82.23%|DEC	&	 75.84%|S-	DEC),	 our	 analyses	
support	with	a	high	probability	Viti	Levu	as	their	ancestral	area.	We	




of	 the	 islands	 under	 study.	 Furthermore,	 for	 node	 87	 our	 analy-
ses	support	 two	dispersal	events	and	one	vicariance	event	due	 to	
the	 presence	 of	M. sp.nov 1	 only	 in	 Kadavu.	 The	 simmondsi	 clade	
shows	a	 strange	vicariance	 route	with	a	 low	support	 to	 the	 island	
of	 Taveuni	 due	 to	M. sp. nov.2	 (Figure	5,	Node	92,	 0.3335|DEC	&	
0.3347|S-	DEC).
The	 three	 distinct	 Nesobasis	 clades	 show	 interesting	 patterns.	
First,	 the	comosa	 clade	 shows	a	50/50	 split	 between	Viti	 Levu	and	
Viti	 Levu/Vanua	 Levu	 as	 the	 ancestral	 area	 (Figure	5,	 Node	 59).	 In	
this	 clade,	 there	 is	 at	 least	 one	vicariance	 event	 between	Viti	 Levu	
and	Vanua	Levu	that	yields	two	 independent	colonization	events	to	








ported	by	the	presence	of	N. sp. nov. 12	 in	Vanua	Levu.	The	second	




&	 0.5625|S-	DEC).	 For	 the	 second	 clade	 containing	 both	 erythrops 
and	 longistyla	species,	Viti	Levu	and	Vanua	Levu	(Figure	5,	Node	80,	
100%|DEC	 &	 100%|S-	DEC)	 are	 highly	 supported	 as	 the	 ancestral	
areas.	Our	models	 suggest	 that	 there	was	 only	 one	 colonization	 of	
Vanua	Levu	that	happened	around	6.8	Ma	(Figure	5,	Node	81,	1	for	
both	models)	 by	 the	 species	N. sp. nov. 3,	which	 possibly	 then	 dis-
persed	to	Taveuni.	The	remaining	species	within	this	clade	are	mainly	
dispersed	 across	 Viti	 Levu	 and	 its	 nearest	 islands	 of	 Kadavu	 and	
Ovalau,	 although	 one	 species,	 N. rufostigma,	 has	 also	 dispersed	 to	
F IGURE  3 BEAST	relaxed	clock	showing	estimations	of	timing	of	each	node	with	error
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F IGURE  4 LaGrange	extinction-	vicariance	analysis
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Koro	(Figure	5,	Node	77,	0.553|DEC	and	0.4761|S-	DEC).	Overall,	for	
genus Nesobasis,	 there	appear	 to	be	 four	 independent	 colonizations	
from	Viti	Levu	to	Vanua	Levu.
4  | DISCUSSION
4.1 | Species concepts in Nesobasis and 
Melanesobasis
Our	results	generally	support	our	first	prediction,	as	the	Viti	Levu	spe-














lationship	of	M. corniculata	 and	M. marginata	 reflects	 the	 similarities	
between	these	taxa	as	identified	by	Donnelly	(1984),	prompting	him	to	
describe	M. marginata	as	a	subspecies	of	M. corniculata. The simmondsi 
clade	includes	the	namesake	species	as	well	as	two	others,	M. macu-
losa	and	M. mcleani,	which	Donnelly	suggested	to	all	be	closely	related,	







to	Nesobasis	 into	 it,	 pointed	out	 several	 shared	morphological	 traits	
between	the	groups,	 including	wing	venation	patterns	and	the	pres-
ence	of	tarsal	claws,	which	suggest	a	close	relationship	between	these	
two	genera.	Melanesobasis	 is	distinct	from	Nesobasis	due	to	 its	 large	
inferior	appendages	in	the	male,	 its	overall	darker	coloration,	and	its	
generally	more	dense	wing	venation.
Melanesobasis	 also	 shows	 similarities	 to	 species	 in	 the	 genus	
Lieftinckia	 in	 the	 family	 Platycnemididae,	 such	 as	 undulant	 wing	
margins	(a	trait	seen	to	a	lesser	extent	in	some	species	of	Nesobasis)	
long	 legs	with	 long	setae,	and	a	 relatively	wide	head	and	stout	 tho-





























cies	 found	 on	 Viti	 Levu;	 one	 of	 these,	M. corniculata,	 is	 also	 found	
on	Ovalau,	while	Kadavu	hosts	M. simmondsi	and	the	endemic	M. sp. 
nov. 1.	 The	Vanua	 Levu	 group	hosts	 two	 separate	 species	 /subspe-
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increase	 through	 this	 time,	with	Viti	Levu	and	Vanua	Levu	accruing	
more	landmass,	and	other	islands	such	as	Kadavu	and	Taveuni	begin-
ning	 to	 form	 (Neall	&	Trewick,	2008).	The	biogeographical	patterns	









single-	species	 events	 (N. brachycerca	 and	N. sp. nov. 12	 onto	Vanua	
Levu,	N. recava	 onto	Kadavu),	while	we	 have	 identified	 three	 other	
points	within	the	tree	that	appear	to	be	dispersal	events	(nodes	73,	
78,	and	83	in	our	rasp-	laGranGe	analysis,	Figure	5),	resulting	 in	mul-




within	 a	 single	 island,	while	 at	most,	 six	 are	 the	 result	 of	 dispersal.	
Thus,	 within	Nesobasis,	 73%	 of	 species	 resulted	 from	within-	island	
diversification,	while	63%	of	Melanesobasis	 formed	 in	 this	way.	Our	




















(GDM)	 of	 ocean	 island	 biogeography	 to	 provide	 an	 explanation	 of	
biodiversity	 patterns	 based	 on	 fundamental	 biogeographical	 pro-
cesses—speciation,	 immigration,	extinction—through	 time	and	 in	 re-









life	of	 the	 island,	prior	 to	 island	subsidence	and	erosion	 (Whittaker,	
et	al.	2008).
The	 results	of	our	GMYC	model	 suggest	 relatively	 recent	diversi-

























one	 species	 to	 as	many	 as	12	 species	 at	 a	 single	 site	 (Beatty	 et	al.,	
2007;	Donnelly,	1990;	Van	Gossum	et	al.,	2008).	These	species	appear	
to	 use	 the	 same	 larval	 and	 adult	 habitats,	 based	 on	 larval	 sampling	
in	a	few	streams	(CDB,	unpublished	data).	Two	species	of	Nesobasis,	
N. ingens	on	Viti	Levu	(not	included	in	our	analysis	as	fresh	specimens	







While	 there	 is	 very	 little	 ecological	 diversification	 within	 these	
species,	there	is	significant	morphological	diversity,	especially	within	




tures	 that	 tend	 to	 function	as	 “lock	and	key”	mechanisms	 in	 copula	
(Donnelly,	1990).	In	some	species	of	Megalagrion,	 it	has	been	shown	
that	color	variation	in	sexual	dimorphism	is	associated	with	elevational	
distribution	within	 islands,	 suggesting	 that	 this	 color	 is	 an	 adaptive	








quent	 range	 expansions.	 It	 is	worth	 noting	 that	most	 of	 the	 species	
in	 Nesobasis	 and	 Melanesobasis	 are	 currently	 found	 throughout	 the	
islands	 they	 inhabit,	 such	 that	species	do	not	show	significant	distri-
butional	differences	within	an	island.	While	different	odonate	species	
display	 different	 potentials	 for	 dispersal,	 movement	 between	 ponds	
(Conrad,	Willson,	Harvey,	Thomas,	&	Sherratt,	1999;	Geenen,	Jordaens,	





As	mentioned	previously,	 the	other	well-	known	 large	 radiation	of	
island	damselflies	 is	 the	genus	Megalagrion,	 in	Hawaii.	 In	Megalagrion,	
speciation	appears	 to	have	occurred	 through	a	 combination	of	 inter-	





















cytoplasmic	 incompatibility	 (CI)	within	hosts	 (Brucker	&	Bordenstein,	
2012;	 Rokas,	 2000;	 Telschow,	 Hammerstein,	 &	 Werren,	 2005).	







from	 three	Nesobasis	 species	 (N. heteroneura,	N. erythrops	 and	N. ru-
fostigma)	 showed	1:1	 sex	 ratios	 at	 adult	 emergence,	 although	males	













(Evenhuis	 &	 Bickel,	 2005;	 Monaghan,	 Balke,	 Pons,	 &	 Vogler,	 2006;	
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